INTRODUCTION
Amyotrophic lateral sclerosis (ALS) or Lou Gehrig's disease is the most common motor neuron disease in human adults, described as early as 1869 by a French neurobiologist and physician, Jean-Martin Charcot. Although advances in genetics have accelerated the pace of ALS research in the past decade, there is currently only one FDA-approved compound (Riluzole) to treat the disease, a compound that shows very modest effects in patients with ALS. Since ALS affects only 6 0 000 individuals worldwide at a given time, it is not as attractive a disorder for pharmaceutical investment as are atherosclerosis, depression, or cancer. The complexities of drug discovery, development, and registration require the resources of a large company to develop new therapies. An increased understanding of disease mechanism in neurodegenerative disorders and identification of drug targets through academic efforts will help to drive drug development in the pharmaceutical industry forward and necessitates collaborative efforts between the two sectors. This column will illustrate that ALS is potentially a useful model for more common neurodegenerative disorders such as Alzheimer's and Parkinson's disease and may indeed be more amenable for drug development. Lessons learned in the treatment of ALS may provide information useful in other neurodegenerative disorders in which similar cell death pathways may be afflicted.
CLINICAL AND PATHOLOGICAL FEATURES OF ALS
The primary hallmark of the disease is the selective loss of motor neurons in the brain and spinal cord. This loss leads to progressive atrophy of skeletal muscles, resulting in the decline of muscle function and paralysis (47) . Denervation of the respiratory muscles and diaphragm is generally the fatal event that occurs within 1-5 years of onset. The typical age of onset for most sporadic and familial forms occurs between 50 and 60 years and has a prevalence of 2-3 per 10 0 000. At any one time, 3 0 000 individuals in the USA and 5000 in the UK are affected by ALS. Of the total cases, 5%-10% are inherited (familial); however, the majority of ALS cases have no genetic component (sporadic). The clinical course is very variable among patients with either familial or sporadic ALS, leading investigators to believe that there are likely multiple factors underlying the disease mechanism.
UNDERSTANDING THE DISEASE MECHANISM OF ALS
The drug discovery process (37) involves the identification of targets, either hypothesis-driven or more recently through bioinformatics. Those targets that are well defined and validated are more likely to lead to successful compounds. Over the years, many hypotheses for mechanisms underlying the selective killing of motor neurons in ALS have been proposed (for recent reviews, see References 17 and 39) and include oxidative damage, copper toxicity, abnormal protein accumulations, excitotoxicity, inflammation, apoptosis, and mitochondrial damage. Current drugs in development for ALS are based on some of these hypotheses (Table 1 ). Similar mechanisms have been proposed for Alzheimer's, Parkinson's, and Huntington's disease (21, 57, 67) , all adult-onset disorders, although the initial insult and cell types involved differ.
Accumulations of neurofilaments in cell bodies and axons of motor neurons in both sporadic (31) and familial (32) ALS have been considered as the hallmark of the disease. Abnormal expression of neurofilaments in mouse models leads to motor neuron degeneration, which is a strong argument for their direct involvement in the disease (20) . Mutations in neurofilaments linked to familial ALS have not been identified; however, a set of in-frame deletions and insertions has been identified in sporadic ALS, supporting the idea that neurofilaments are risk factors for the disease (1). Mutations in a ubiquitously expressed protein Cu/Zn superoxide dismutase (SOD1), linked to 20% of familial ALS, were discovered in 1993 (54) . These mutations provided the first definitive cause of motor neuron death and led to the development of animal models that most closely mimic the human disease (13, 26, 53, 63) . Unlike the more limited models of Alzheimer's (36) and Huntington's (6) disease, mice carrying different mutant forms of human SOD1 demonstrate a robust phenotype of neurodegeneration. The mutant enzyme is ubiquitously expressed (under control of the human endogenous promoter) at levels equal to or several-fold higher than the level of endogenous SOD1. Transgenic mice develop hind-limb weakness at 3-8 months depending on the SOD1 mutation (there are now more than 90 different point mutations linked to familial ALS). Hind-limb weakness coincides with increased astrogliosis, activation of microglia, and loss of motor neurons. These mouse models have been invaluable for testing disease hypotheses and therapeutic approaches (Table 1) .
Oxidative Damage, Nitration, and Copper Toxicity
It is well established in the field that SOD1-mediated toxicity in ALS is not due to loss of function but likely the gain of a new aberrant property. SOD1 null mice (51) do not develop motor neuron disease; none of the mutations eliminate the synthesis of a full-length protein, and some mutants retain full specific activity (10) . What is less clear is the nature of this aberrant property. Several in vitro studies propose abnormal folding of SOD1, exposing the active copper and zinc binding site. This may enable aberrant chemical reactions such as the formation of peroxynitrite, leading to nitration of tyrosine residues (9) . Evidence for this reaction playing a major role in motor neuron death in vivo is less compelling (12) . Although copper is thought to play a role in SOD1-mediated toxicity, studies using transgenic mice indicate that it is unlikely to be a key contributor to SOD1-mediated cell death. Dramatically lowering copper loading onto mutant SOD1 in transgenic mice does not change onset, disease progression, or survival (60) . Mitochondrial degeneration has been implicated in several neurodegenerative disorders (7, 8) . In transgenic mice expressing mutant SOD1, mitochondrial damage is seen early in the disease (41) . Mutant Cu/Zn SOD1 is present in the inner membrane space of mitochondria (30) and may play a direct toxic role. Creatine, which enhances energy storage capacity and inhibits the opening of the mitochondrial transition pore (which is thought to play an important role in mitochondrial degeneration), prolongs the lifespan of transgenic SOD1 mice and is currently in clinical trials for ALS (Table 1) .
Abnormal Protein Aggregation
The presence of abnormal protein aggregates or inclusions has been described in many neurodegenerative diseases. Efforts to design strategies to block these abnormal accumulations in Alzheimer's (58), Parkinson's (18), Huntington's disease (59) , and ALS are in progress. In transgenic mice expressing mutant SOD1 G85R (15) , abnormal protein accumulations, detected by hematoxylinand-eosin staining ( Figure 1A) , appear before the onset of hind-limb weakness and are found in both astrocytes (Figure 1B) and neurons. These accumulations are highly immunoreactive for SOD1 ( Figure 1C ). Whether these aggregates are integrally involved in the disease process or beneficial in sequestering toxic byproducts remains to be determined. Misfolded SOD1 aggregates cannot be readily dissociated and can be detected biochemically in transgenic SOD1 mice long before disease develops (38, 61) .
Excitotoxicity
Glutamate-mediated excitotoxicity from repetitive firing and/or elevation of intracellular calcium has long been implicated in neuronal death. Evidence for the role of glutamate in ALS came from early studies showing increased levels of glutamate in cerebrospinal fluid of ALS patients (56) . One of the functions of the compound Riluzole is to inhibit glutamate release. The main glutamate transporter for the removal of excess synaptic glutamate (EAAT2) is decreased in ALS patient samples (55) , which provides further evidence for the role of glutamate toxicity in the disease. Expression of SOD1 mutants in transgenic mice (14) and rats (35) leads to a decrease in the EAAT2 coincident with disease onset. Strategies to up-regulate EAAT2 expression may provide an important approach for treating ALS.
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Other Targets for ALS
Additional targets for ALS include caspases 1 and 3 (23, 42, 50) , cyclin-dependent kinase (cdk5), and the calpain cleavage product of p35 (the neuronal-specific activator for cdk5), p25, which was recently implicated in abnormal phosphorylation of tau in Alzheimer's disease (48) and vascular endothelial growth factor (VEGF) (49) . Targeted
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AND GENOMIC TECHNOLOGIES deletion of the hypoxia-response element of VEGF in mice results in a surprising phenotype: progressive motor neuron deficits in adulthood. Most recently, a new gene linked to an early-onset, recessive, slowly progressing, and more rare form of ALS, juvenile ALS2, has been identified (29, 65) . The gene encodes a putative guanine exchange factor for a G protein that currently is uncharacterized. Like SOD1, this gene is ubiquitously expressed. With the identification of new genes linked to the disease, the molecular events leading to cell death may become clearer. The discovery that at least four genes linked to Alzheimer's disease all affect amyloid precursor processing has made a major impact on drug discovery for Alzheimer's disease (58) .
CELLULAR THERAPIES FOR ALS AND NEURODEGENERATIVE DISEASES
The discovery of small molecules that change the course of disease in ALS is most desirable and most likely to be developed by pharmaceutical companies; however, cellular therapies, either gene therapy or stem cell therapy, are being considered for neurodegenerative diseases. Failure of growth factors such as glial-derived neurotrophic factor (GDNF) and bone marrow-derived neurotrophic factor (BDNF) in the clinic has largely been attributed to the inability to deliver the proteins to the target cells. Gene therapy has provided an attractive alternative approach; however, good viral vectors and appropriate delivery methods have been key challenges to moving this field forward (19) . Gene therapy approaches are currently being tested in animal models of ALS (2, 33, 62) .
Stem cells, defined as "clonogenic, self-renewing progenitor cells that can generate one or more specialized cell types" (5), have been viewed with much excitement as a therapy for ALS and other neurodegenerative diseases. Both mouse (Figure 2A ) and human embryonic stem cells when cultured in vitro in the appropriate conditions are able to differentiate into different cell types of the brain ( Figure 2B ). Other sources of stem cells such as bone marrow (11) and muscle (25) are being explored, but it remains controversial whether these stem cells will provide an abundant source of neurons. Neural cell replacement therapies are based on the idea that neurological function lost to injury or neurodegeneration can be improved by introducing new cells that can replace the function of lost neurons. In theory, new neurons could integrate into the host brain and form appropriate connections with relevant portions of DRUG DISCOVERY AND GENOMIC TECHNOLOGIES the brain. In a disease such as ALS, it is hard to imagine that transplanted motor neurons would form appropriate connections with target muscles, where motor axons need to extend distances over a meter in length to reach the target. Alternatively, stem cells engineered to secrete growth factors or other factors required for neuronal survival can be introduced at the site of injury and may be a more feasible approach for ALS. Clearly, if this is to succeed, then early diagnosis is essential so that sufficient numbers of motor neurons are spared to maintain muscle function.
Another approach would be to stimulate endogenous stem cells in the brain to generate new neurons. Contrary to earlier beliefs, neurogenesis does occur in the adult nervous system, particularly in the hippocampus and olfactory bulb (3, 4) . Studies to understand the molecular determinants and cues to stimulate endogenous stem cells are being undertaken (16, 24, 43) . Although promising, the field is only beginning to learn the potentials and challenges of these cells, especially for use in neurodegenerative diseases such as ALS.
With the availability of animal models that closely mimic human disease, an explosion of new technologies, and increasing knowledge about brain development and function, neurodegenerative research, although challenging, may yield a variety of new targets for the development of therapies. Understanding disease mechanism and identifying commonalities between the different neurodegenerative disorders will be invaluable in moving drug discovery for ALS forward.
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